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The presence of pharmaceuticals and personal care products (PPCPs) in the aquatic environment may
pose potential threat to the ecosystem and human health, hence PPCPs have aroused much concern over
the world. The contamination of PPCPs in the groundwater, the main source of drinking water supply in
many countries and regions, has been extensively studied in the last decade. This paper reviews the
occurrence of frequently detected PPCPs, including antibiotics, anti-inﬂammatories, lipid-regulators,
carbamazepine, caffeine, and N,N-diethyl-m-toluamide in groundwater, with special concern to the
progress made over the past three years. Possible emission sources for PPCPs in groundwater, such as
wastewater and contaminated surface water, landﬁlls, septic systems, livestock breeding and sewer
leakage, are summarized. Besides, adsorption, migration and degradation, the dominant mechanisms in
the subsurface transport and fate of PPCPs, are discussed, and the insights into the future study of PPCPs
in the groundwater are provided.
Copyright © 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2. Occurrence of PPCPs in groundwater . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.1. Antibiotics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2. Anti-inflammatories and analgesics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3. Lipid regulators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.4. Caffeine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.5. Carbamazepine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.6. DEET . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.7. Others . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3. Sources of PPCPs in groundwater . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.1. Wastewater and contaminated surface water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18ina University of Science and
21 64251596; fax: þ86 21
nications Co., Ltd.
vier on behalf of KeAi
and hosting by Elsevier B.V. on be
by-nc-nd/4.0/).half of KeAi Communications Co., Ltd. This is an open access article under the CC BY-
Q. Sui et al. / Emerging Contaminants 1 (2015) 14e24 153.2. Landfills . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.3. Septic systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.4. Livestock breeding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.5. Sewer leakage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4. Fate of PPCPs in the underground environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.1. Adsorption and migration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.2. Degradation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
5. Future perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221. Introduction
For the past decades, a wide range of pharmaceuticals and
personal care products (PPCPs) have been repeatedly observed in
the aqueous environment worldwide. Among the array are anti-
biotics, analgesics, steroids, antidepressants, antipyretics, stimu-
lants, antimicrobials, disinfectants, fragrances, cosmetics, and
many other chemicals that are widely used on a daily basis for
various purposes [1]. Due to their large consumption, PPCPs may
enter the aqueous environment directly or indirectly through
anthropogenic activities such as sewage discharge, livestock
breeding, fertilizing and landﬁll leachate, resulting in their pres-
ence in surface water and groundwater at concentration levels of
ng/L to mg/L. It has been shown that continuous exposure to low,
subtoxic concentrations of certain PPCPs can cause unexpected
consequences and unintended effects on non-target species, and
induce undesirable effects on humans and ecosystems [2e5]. Thus
their presence in the environment may pose a threat to human and
ecological health. Due to insufﬁcient knowledge in terms of
toxicity, impacts and behaviors of PPCPs, few are routinely moni-
tored in the environment and many are unregulated [6]. But as
their potential for long-term risk to environment is increasingly
recognized, the relevant regulations and standards can be ex-
pected over the next decades.
To date most of the reviews concerning the occurrence and
transformation of PPCPs in water matrices focus mainly on the
surface water and wastewater, in which higher concentrations of
PPCPs have been identiﬁed. Compared to that, reviews regarding
the occurrence, sources and fates of PPCPs in groundwater are
limited, probably due to the relatively limited studies on this topic.
However, as groundwater is an important water resource in many
countries and regions and is difﬁcult to remediate once contami-
nated, it is necessary to expand the knowledge of PPCPs in
groundwater. Recently, several studies made countrywide over-
views of emerging organic contaminants (EOCs) including PPCPs in
the groundwater of Italy [7], Spain [8] and UK [9], providing useful
information on the presence, sources, and potential risks to the
environment in their countries. Lapworth and co-workers
reviewed the occurrence data of EOCs in groundwater world-
wide published before 2011, and discussed their sources and
pathways [6]. Due to the increasing number of relevant research
published after 2011, an updated review of PPCPs in groundwater
worldwide is required.
This paper principally outlines the occurrence of several groups
of PPCPs that are found ubiquitous in groundwater, including an-
tibiotics, anti-inﬂammatories, lipid regulators, caffeine, carbamaz-
epine and N,N-diethyl-m-toluamide (DEET), with a special focus on
the literature published in the past three years. It also summarizes
their possible sources according to their detections in the envi-
ronment and discusses adsorption and degradation, the dominant
mechanisms in the subsurface transport and fate of PPCPs.2. Occurrence of PPCPs in groundwater
In the past decade, thanks to the progress of analytical tech-
niques, it has become possible and reliable to determine the con-
centration of PPCPs in groundwater at trace level. The
concentrations of PPCPs that are frequently detected in ground-
water, especially those reported recently (2012e2014), are shown
in Table 1.
2.1. Antibiotics
Antibiotics are extensively used for human and veterinary
medicine. Both metabolized and unmetabolized antibiotics
secreted through urine and feces have already been detected in
wastewater treatment plants and surface water [24]. They are
partially degraded in the environment and as a result are likely to
accumulate in water bodies. The long-term persistence of antibi-
otics at low levels can promote the proliferation of antibiotic
resistant bacteria in river base ﬂows (the part of streamﬂow that
discharges from groundwater and seeps into streams) and to a
certain degree may enhance the drug resistance of microorganisms
[25,26]. The presence of antibiotics in groundwater has also
aroused much attention around the world recently. A national
reconnaissance carried out in the U.S. concerning pharmaceuticals
and other organic contaminants in water resources reported the
presence of antibiotics in a sampling network of 47 groundwater
sites with the detection frequency exceeding 30% [27]. Fick et al.
investigated the surface, ground and drinking water possibly
polluted by antibiotics and other pharmaceuticals in a regionwhere
the bulk drug industry was developed and found high levels of
antibiotics, including ciproﬂoxacin, enoxacin, oﬂoxacin and
trimethoprim in well water samples [28].
Among the various antibiotics, sulfonamides are the most
extensively studied and have been found at high concentrations in
several studies. Summarized by Lapworth and co-workers, sulfa-
methoxazole was reported in ﬁfteen different case studies before
2011 [6], and in one case study, an extremely high concentration of
sulfonamides (10 mg/Le1 mg/L) was reported in the groundwater
down gradient of a landﬁll site [29]. In recent studies, sulfonamides
in the groundwater were detected in ﬁve more studies conducted
in Switzerland [10], Spain [11,12], USA [15] and China [14]. Although
the detected concentrations seemed to be lower than those
measured previously [6], the relatively high frequency of detection
in some studies indicated that this group of PPCPs should be
investigated in future research.
Veterinary antibiotics are frequently reported in the ground-
water around breeding facilities and farmland. For instance,
Bartelt-Hunt et al. investigated the occurrence of veterinary phar-
maceuticals in lagoons and adjacent groundwater at operating
swine and beef cattle facilities [30], and sulfonamides like sulfa-
merazine, sulfamethazine, sulfamethazole and sulfathiazole, along
Table 1
Concentrations of PPCPs detected in groundwater reported during 2012e2014.
PPCPs Number of
samples
Detection
frequency (%)
Concentration
(ng/L)
Research area Literature
Antibiotics
Sulfamethoxazole 16 12e19a BDL-17 Karst system near Yverdon-les-Bains, Switzerland [10]
121 29 9e46 Baix Llobregat, Barcelona, Spain [11]
32 80e100a BDL-65 Barcelona, Spain [12]
27 4e42a BDL-0.8 Jianghan Plain, China [13]
28 24 28.7e124.5 Vicinity of municipal landﬁlls in Guangzhou, China [14]
20 60 0.1e113 Barnstable County, Massachusetts, USA [15]
Sulfamethazine 121 46 BDL-83.9 Baix Llobregat, Barcelona, Spain [11]
32 23e100a BDL-29.2 Barcelona, Spain [12]
27 8e63a BDL-1.2 Jianghan Plain, China [13]
Oﬂoxacin 32 100 10.2e367 Barcelona, Spain [12]
27 10e68a BDL-7.6 Jianghan Plain, China [13]
28 9 BDL-44.2 Vicinity of municipal landﬁlls in Guangzhou, China [14]
Norﬂoxacin 16 6e19a BDL-2 A karst system near Yverdon-les-Bains, Switzerland [10]
32 69e100a BDL-462 Barcelona, Spain [12]
27 64e79a BDL-47.1 Jianghan Plain, China [13]
Azithromycin 44 5 BDL-68 Danube River, Serbia [16]
16 12 BDL-10 A karst system near Yverdon-les-Bains, Switzerland [10]
32 80e100a BDL-1620 Barcelona, Spain [12]
27 100 0.2e0.7 Jianghan Plain, China [13]
Trimethoprim 16 6 BDL-0.4 A karst system near Yverdon-les-Bains, Switzerland [10]
121 19 BDL-3 Baix Llobregat, Barcelona, Spain [11]
32 20e100a BDL-9.41 Barcelona, Spain [12]
27 4e68a BDL-5.2 Jianghan Plain, China [13]
28 4 BDL-10.5 Vicinity of municipal landﬁlls in Guangzhou, China [14]
20 5 BDL-0.7 Barnstable County, Massachusetts, USA [15]
Anti-inﬂammatories
Ibuprofen 6 17 92b Serbia [17]
32 46e92a BDL-988 Barcelona, Spain [12]
51 2 BDL-104 Rastatt, Germany [18]
28 11 BDL-57.9 Vicinity of municipal landﬁlls in Guangzhou, China [14]
NA NA 10b An experimental agricultural ﬁeld in Ottawa, Canada [19]
32 14 BDL-65 An urban-inﬂuenced karst aquifer in the Wadi Shueib, Jordan [20]
Naproxen 6 17 27.6b Serbia [17]
16 6e12a BDL-12 A karst system near Yverdon-les-Bains, Switzerland [10]
121 NA 145b Baix Llobregat, Barcelona, Spain [11]
32 8e40a BDL-5.59 Barcelona, Spain [12]
28 3 BDL-86.9 Vicinity of municipal landﬁlls in Guangzhou, China [14]
Diclofenac 16 6e12a BDL-3 A karst system near Yverdon-les-Bains, Switzerland [10]
121 NA 15e55 Baix Llobregat, Barcelona, Spain [11]
32 40e100a BDL-380 Barcelona, Spain [12]
51 2 BDL-129 Rastatt, Germany [18]
138 4 BDL-17 Urban catchment area in Singapore [21]
Salicylic acid 6 83 BDL-2.5 Serbia [17]
121 41 BDL-9.3 Baix Llobregat, Barcelona, Spain [11]
32 100 26.6e620 Barcelona, Spain [12]
28 98 BDL-2015 Vicinity of municipal landﬁlls in Guangzhou, China [14]
138 58 BDL-1994 Urban catchment area in Singapore [21]
Lipid regulators
Bezaﬁbrate 121 45 BDL-4.22 Baix Llobregat, Barcelona, Spain [11]
32 54e100a BDL-25.8 Barcelona, Spain [12]
51 8 BDL-19 Rastatt, Germany [18]
Gemﬁbrozil 121 NA 15.5b Baix Llobregat, Barcelona, Spain [11]
32 62e100a BDL-751 Barcelona, Spain [12]
51 2 BDL-23 Rastatt, Germany [18]
20 5 BDL-1.2 Barnstable County,
Massachusetts, USA
[15]
138 4 BDL-17 Urban catchment area in Singapore [21]
Cloﬁbric acid 32 31 BDL-7.57 Barcelona, Spain [12]
51 4 BDL-1350 Rastatt, Germany [18]
28 3 BDL-73.9 Vicinity of municipal landﬁlls in Guangzhou, China [14]
138 9 BDL-18 Urban catchment area in Singapore [21]
Psychiatric drugs
Carbamazepine 6 17 3.4b Serbia [17]
44 23 BDL-41 Danube River, Serbia [16]
121 48 BDL-62.4 Baix Llobregat, Barcelona, Spain [11]
32 92e100a 136b Barcelona, Spain [12]
51 33 BDL-35 Rastatt, Germany [18]
20 25 BDL-72 Barnstable County,
Massachusetts, USA
[15]
138 67 BDL-9.3 Urban catchment area in Singapore [21]
32 13 BDL-100 An urban-inﬂuenced karst aquifer in the Wadi Shueib, Jordan [20]
Diazepam 121 36 BDL-8.28 Baix Llobregat, Barcelona, Spain [11]
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Table 1 (continued )
PPCPs Number of
samples
Detection
frequency (%)
Concentration
(ng/L)
Research area Literature
32 23e100a 35.1b Barcelona, Spain [12]
Primidone 16 6e19a BDL-11 A karst system near Yverdon-les-Bains, Switzerland [10]
121 41 BDL-27.62 Baix Llobregat, Barcelona, Spain [11]
36 NA BDL-140 Berlin, Germany [22]
Stimulants
Caffeine 121 40 BDL-55.5 Baix Llobregat, Barcelona, Spain [11]
148 80e83a BDL-16249 Urban catchment area in Singapore [21]
Insect Repellants
DEET 20 5 BDL-6 Barnstable County,
Massachusetts, USA
[15]
148 100 1.9e3481 Urban catchment area in Singapore [21]
X-ray contrast media
Iopamidol 8 100 36e94 Switzerland [23]
115 4 BDL-79 Rastatt, Germany [18]
39 51 BDL-1900 An urban-inﬂuenced karst aquifer in the Wadi Shueib, Jordan [20]
Diatrizoic acid 8 100 24e32 Switzerland [23]
165 27 BDL-4240 Rastatt, Germany [18]
39 79 BDL-220 An urban-inﬂuenced karst aquifer in the Wadi Shueib, Jordan [20]
Beta-blockers
Propranolol 6 67 BDL-4.5 Serbia [17]
32 23 BDL-9.38 Barcelona, Spain [12]
Metoprolol 16 6e12a BDL-9 A karst system near Yverdon-les-Bains, Switzerland [10]
32 100 95.3e355 Barcelona, Spain [12]
Musks
Galaxolide 121 100 42.9b Baix Llobregat, Barcelona, Spain [11]
Tonalide 121 100 7.5b Baix Llobregat, Barcelona, Spain [11]
Sunscreen agents
Octocrylene 121 96 8.42b Baix Llobregat, Barcelona, Spain [11]
Ethylhexyl methoxycinnamate 121 100 35.31b Baix Llobregat, Barcelona, Spain [11]
a More than one study area or period was involved in the study, and the frequencies of detection are shown by range.
b Only median or mean concentrations were reported in the corresponding studies. NA: not available. BDL: below detection limit.
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mulin, were detected in groundwater samples, with concentrations
ranging from 29 ng/L to over 2000 ng/L. Hu et al. analyzed the
occurrence of several typical veterinary antibiotics in groundwater
of an organic vegetable farm in northern China and found that
some antibiotics could be detected in groundwater [31]. Zhou et al.
analyzed water samples collected from a pig farm in Guangxi
Province and found the presence of sulfadiazine, sulfamethazine
and sulfamonomethoxine in groundwater with the concentrations
of 1.5, 130, and 19 ng/L respectively [32]. The antibiotics detected in
groundwater from different countries are variable in concentra-
tions and species, suggesting different consumption patterns.
2.2. Anti-inﬂammatories and analgesics
The most commonly detected anti-inﬂammatories and analge-
sics in groundwater include ibuprofen, diclofenac and paracetamol
because of their large consumption in daily life. A number of
pharmaceuticals and pharmaceutical metabolites were found at
concentrations up to mg/L level in groundwater used for drinking
water in Berlin, Germany, with diclofenac, ibuprofen and ketopro-
fen included [33]. Exﬁltration of wastewater to groundwater might
be responsible for the high concentration levels of anti-
inﬂammatories and analgesics. For instance, high peak concentra-
tions of diclofenac and ibuprofen (120 and 250 ng/L, respectively) at
a depth of about 0.5 m below the main trench sewer pipe in North
East London provided evidence of contamination due to waste-
water exﬁltration to groundwater [34]. Rabiet et al. assessed the
consequences of treated water recycling in surface and ground-
water of a medium-sized Mediterranean catchment and found
diclofenac and paracetamol were among the dominant pharma-
ceuticals in wells supplying drinking water, and the maximum
concentration of paracetamol was measured as high as 211 ng/L,probably contaminated by wastewater [35]. However, in a moni-
toring survey investigating the emerging contaminants in Barce-
lona, Spain, ibuprofen had a much higher concentration in aquifers
than in wastewater treatment plant inﬂuent or efﬂuent, indicating
that the natural recharge of groundwater consisting of river water,
untreated wastewater, or other emission sources might also be the
sources of ibuprofen [36].2.3. Lipid regulators
In general, the reported detection frequencies of lipid regulators
and the metabolites, such as bezaﬁbrate, gemﬁbrozil and cloﬁbric
acid in groundwater were lower than those of some antibiotics,
anti-inﬂammatories, caffeine, carbamazepine, etc. For instance, in
an investigation of groundwater in the vicinity of two municipal
landﬁlls in Guangzhou, China, bezaﬁbrate and gemﬁbrozil were not
detectable and cloﬁbric acid was only occasionally detected with
the detection frequency of 3%; on the contrary, the anti-
inﬂammatory drug salicylic acid, and antibiotics sulfamethoxa-
zole could be found in 98% and 24% of collected samples [14]. In the
sewered catchment of Singapore, cloﬁbric acid and gemﬁbrozil
were only detected in a few groundwater samples with detection
frequencies less than 10%, while the frequencies of detection were
up to 90% and 72% for caffeine and carbamazepine, respectively
[21]. However, much higher frequencies of detection could be
found for bezaﬁbrate (54e100%) and gemﬁbrozil (62e100%) in
groundwater in Barcelona, Spain [12]. The average levels of phar-
maceuticals found in their study were generally higher than those
found elsewhere, indicating a more severe contamination of
groundwater by pharmaceuticals in Barcelona, and it might be
responsible for the more frequent detection of lipid regulators in
their study.
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Caffeine can enter the wastewater through human urine or
household plumbing as it is present at an average amount of
approximately 360mg/L in coffee, tea and soft drinks as a stimulant
[37]. Early reports proved the existence of caffeine in sewage
efﬂuent, septic tanks, landﬁll leachates, and the contamination of
surface water by wastewater [38]. So it is reasonable that ground-
water can be contaminated by those potential caffeine sources
during natural recycle. In the groundwater samples collected from
the sewered catchment of Singapore, high concentration (up
to>16,000 ng/L) and frequency of detection (83%) were observed
for caffeine [21]. Knee et al. investigated caffeine in groundwater
and surface water on the North shore of Kauai, Hawaii and reported
that the detection frequency of caffeine could be 100% in August
and 33% in February, with the highest concentration of 88 ng/L in
groundwater in summer [39]. A large-scale reconnaissance survey
covering 1231 sampling sites in California showed that the
maximum concentration of caffeine was 290 ng/L in untreated
groundwater used for public drinking-water supplies [40].
Compared to other PPCPs, the detection frequency of caffeine is
higher in groundwater and surface water, mainly attributing to its
massive consumption in daily life. But their concentrations re-
ported in groundwater are generally not as high as other PPCPs,
suggesting it is either removed during wastewater treatment or
undergoes rapid degradation hence making it less persistent in the
subsurface environment [41,42]. In surface waters, caffeine is
considered to be one of the most commonly proposed indicators of
human-derived waste in surface water [44,45]. However, regarding
groundwater, caffeine may work as an indicator of discharge only
under certain circumstances where biodegradation is not signiﬁ-
cant as it degrades rapidly in groundwater rich in bacteria [39].
2.5. Carbamazepine
Carbamazepine is on the list of substances identiﬁed for moni-
toring consideration by the EU under the Water Framework
Directive [46] as it is both frequently detected in groundwater and
at relatively high concentrations. Loos et al. found carbamazepine
was detected in 42% of the samples collected from 164 locations in
23 European countries, with a maximum concentration of 390 ng/L
[47]. In two German cities, Leipzig and Halle, carbamazepine was
detected in the groundwater at concentrations of 2e75 and
2e51 ng/L respectively [48,49]. In a city of Montana, U.S., 12 of 38
well water samples analyzed were found to contain carbamaze-
pine, with the maximum concentration almost reaching 400 ng/L
[50]. Groundwater studies indicated that carbamazepine could
survive intact after travel times of 8e10 years through the sub-
surface [51]. It was neither subjected to degradation nor to
adsorption [52], which might be one of the reasons for their
ubiquity in the groundwater.
2.6. DEET
DEET, the active ingredient of most commercial insect repellents
used around the world, can enter the aquatic environment via
human facilities like sewage treatment and septic system. Del
Rosario et al. detected the PPCPs in groundwater beneath and
adjacent to onsite wastewater treatment systems in a coastal plain
of North Carolina, and found the average DEET concentrations
ranged from 540 to 1010 ng/L in the groundwater, depending on the
location of the sampling sites [53]. However, studies on its occur-
rence in surface water and groundwater revealed that the sources
and pathways of DEET in the groundwater need further investiga-
tion. For instance, DEET was ubiquitously detected not only in thesewage-impacted groundwater samples, but also in the ground-
water samples collected from the catchment area with no known
wastewater sources at a relatively high concentration level up to
298 ng/L [21].
2.7. Others
Other PPCPs investigated in the recent studies consisted of X-ray
contrast media, beta-blockers, musks and sunscreen agents. In a
ﬁve-year investigation conducted in an urban-inﬂuenced karst
aquifer in the Wadi Shueib, Jordan, diatrizoic acid, a standard
substance in X-ray diagnostics largely used before 2008, showed
continuous occurrence (79% of the collected samples) but relatively
lower concentrations (BDL-220 ng/L) in groundwater; while the
possible substitute iopamidol was increasingly detected over the
ﬁve-year investigation period, with themaximum concentration up
to 1900 ng/L [20]. The sunscreen agents octocrylene and ethylhexyl
methoxycinnamate, the musk galaxolide and tonalide were iden-
tiﬁed as the most detected compounds in the groundwater samples
in Barcelona, Spain and two of them, ethylhexylmethoxycinnamate
and galaxolide, were detected at concentrations higher than
100 ng/L in at least one sample [11]. Lopez-Serna and co-workers
investigated the concentrations of beta-blockers in the urban
groundwater underlying Barcelona, Spain, and observed different
patterns of two common beta-blockers, propranolol and meto-
prolol. The former one exhibited relatively low detection frequency
(23%) and concentrations (BDL-9.38 ng/L), while the latter one
could be found in all the groundwater samples with the maximum
concentration of 355 ng/L [12].
3. Sources of PPCPs in groundwater
PPCPs in groundwater can be closely related to human activities
as most of the compounds are synthetic products that do not occur
in nature. Only a few PPCPs such as caffeine, which can be produced
by over 60 plant species, have natural sources [39]. The general
sources and pathways for PPCPs entering groundwater are shown
in Fig. 1.
3.1. Wastewater and contaminated surface water
Wastewater is considered to be one of the most important
sources of PPCPs in the aquatic environment. Generally, household
PPCPs can enter the sewer system after excretion from the body or
washing-off by tap water via sinks or toilets. Only limited removal
has been identiﬁed during primary treatment at sewage treatment
plants (STPs) due to the limited adsorption to sludge [54]. As for the
biological treatment process, variable removal efﬁciencies were
achieved, and PPCPs in the ﬁnal efﬂuent may be at different levels.
For example, Salgado et al. reported that diclofenac showed low
degradation (less than 25%), whereas ibuprofen and ketoprofen
were degraded to a much higher extent (more than 75%), even if
they were in the same therapeutic group [55]. Removal efﬁciencies
and the corresponding treatment processes of typical PPCPs are
shown in Table 2. Once the PPCPs-containing efﬂuents are dis-
charged, the receiving surface waters are contaminated. PPCPs may
stay in the surface water body and be subjected to low natural
attenuation [56]. Gradually by lateral or vertical hydraulic ex-
change, PPCPs can be transferred to the groundwater through the
hyporheic zone [57]. Recently, some indicator PPCPs, such as car-
bamazepine, have been used as markers to trace the wastewater-
surface water and surface-underground water exchange processes
[58].
Managed aquifer recharge (MAR), referring to the use of surface
water, as well as reclaimed water to artiﬁcially recharge the aquifer
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Fig. 1. Sources and pathways for PPCPs entering groundwater (MAR: managed aquifer recharge; STP: sewage treatment plant).
Q. Sui et al. / Emerging Contaminants 1 (2015) 14e24 19system, is also an important potential source of PPCPs into
groundwater, particularly when the residence times are short, and
where wastewater treatment is poorly regulated. Riverbank ﬁltra-
tion and well injection are frequently adopted as MAR processes
[59]. Bradley and co-workers examined the potential transport
processes of several efﬂuent-derived pharmaceutical contaminants
from surface water to shallow groundwater compartments during
riverbank ﬁltration and found the inﬁltration of efﬂuent-
contaminated surface-water could result in the occurrence of
PPCPs, such as carbamazepine and sulfamethoxazole, in ground-
water along the stream bank at concentrations of greater than
20 ng/L [60]. A study regarding the removal of selected PPCPs
during groundwater recharge where secondary or tertiary treated
wastewater was used showed that caffeine, diclofenac, ibuprofen,
ketoprofen, naproxen and gemﬁbrozil were efﬁciently removed
after retention times of less than 6 months, whereas carbamaze-
pine and primidone could be hardly reduced and persisted in the
recharged groundwater with retention times of up to 8 years [61].
These ﬁndings indicated that cautions must be taken when
recharging the aquifer system with wastewater efﬂuents. The
wastewater efﬂuents utilized should undergo advanced treatment
processes which could either efﬁciently remove the residue PPCPs,
or largely enhance the biodegradability of the recalcitrant PPCPs.
The biodegradable metabolites of recalcitrant PPCPs are prone to be
eliminated during the residence time of riverbank ﬁltration [62,63].3.2. Landﬁlls
As the most common practice for the disposal of municipal solid
waste, landﬁlls display advantages in both operational simplicity
and low cost. Yet their possible pollution to the surrounding envi-
ronment cannot be ignored. Landﬁlls are the ﬁnal depositories for
various solid and semi-solid wastes and may contain PPCPs from
sources such as unwanted medications, soft drinks and other per-
sonal care products. Once discarded into landﬁlls, PPCPs may be
either metabolized by microorganisms or absorbed to waste solids,
but the majority are dissolved in landﬁll leachate [70]. Numerous
PPCPs with considerably high concentrations have been found in
landﬁll leachates. For instance, ibuprofen was found up to 167 mg/L
[71]; naproxenwas detected as high as 520 mg/L [1]; carbamazepine
and phenazone could even exceed 1000 mg/L [72,73]. The anaerobic
conditions in landﬁlls and nearby receiving groundwater are likely
to slow down the biodegradation of organic compounds in leachateand groundwater, resulting in the abundance and persistence of
PPCPs in groundwater [74]. In a study about the occurrence of some
PPCPs in the vicinity of municipal landﬁlls in China, concentrations
of naproxen and sulfamethoxazole in groundwater ranged from 67
to 87 ng/L and from 29 to 125 ng/L respectively, and high con-
taminations of salicylic acid (maximum of 2000 ng/L) was observed
[14]. Also, in the landﬁll leachate affected groundwater near
Elkhart, Indiana, ibuprofen was detected in observation wells
downgradient from the landﬁll at concentration of 3100 ng/L [75].
3.3. Septic systems
Septic systems, or onsite wastewater treatment systems, can
also be important sources of PPCPs entering adjacent surface water
and groundwater. A septic system is a small-scale sewage treat-
ment system commonly seen in suburbs or rural areas where no
connection to main sewage pipes is provided by local governments
or private corporations. It allows water used domestically to be
treated and recycled to replenish local groundwater supplies, so it
may provide opportunities for PPCPs undergoing incomplete
treatment in septic systems to enter the underground water body.
In some areas of the northeastern United States, over 85% of
wastewater disposal is done by septic systems [76]. Due to the
widespread and scattered use, it is very difﬁcult to effectively
monitor and regulate contamination from septic systems. Swartz
et al. monitored the concentrations of caffeine and its metabolite
paraxanthine, as well as other micropollutants, in a residential
septic system and downgradient groundwater. Concentrations of
caffeine and paraxanthine were extremely high (caffeine ranged
from 17,000 to 23,000 ng/L and paraxanthine from 55,000 to
65,000 ng/L) in the septic tank, resulting in high concentrations of
the compounds in the nearest well (>1700 ng/L), and declining
with distance and depth [77]. A recent study concerning pharma-
ceuticals and other micropollutants in groundwater networks
affected by septic systems showed that concentrations of several
PPCPs such as carisoprodol (a muscle relaxant) and lidocaine (a
typical anesthetic) could be greater than 0.1 mg/L in groundwater
below and downgradient of the leaching bed [78].
3.4. Livestock breeding
The use of veterinary drugs to prevent disease and promote
productivity in livestock breeding is a growing concern and is
Table 2
Removal efﬁciencies and the corresponding treatment processes of some PPCPs.
PPCPs Treatment process Removal efﬁciency (%) Country Reference
Antimicrobials
Triclosan AnMBR 70 Australia [64]
CAS 55 US [65]
BNR 91e93 Greece [66]
Triclocarban AnMBR 96 Australia [64]
CAS 11 US [65]
Stimulants
Caffeine AnMBR 90 Australia [64]
CAS 99 US [65]
BNR 99 China [67]
Anti-inﬂammatories
Ketoprofen AnMBR 27 Australia [64]
BNR 83e89 Greece [66]
BNR 19 China [67]
CAS 55 Spain [68]
MBR 44 Spain [68]
Paracetamol AnMBR 86 Australia [64]
CAS 97 US [65]
Naproxen AnMBR 75 Australia [64]
CAS 96 US [65]
BNR 91e95 Greece [66]
CAS 72 Spain [68]
MBR 91e92 Spain [68]
Ibuprofen AnMBR 25 Australia [64]
CAS 100 US [65]
BNR 100 Greece [66]
BNR 16 China [67]
CAS 99 Spain [68]
MBR 99 Spain [68]
Diclofenac AnMBR 3 Australia [64]
BNR 39e75 Greece [66]
BNR 44 China [67]
CAS 22 Spain [68]
MBR 63e66 Spain [68]
Psychiatric drugs
Primidone AnMBR 17 Australia [64]
Carbamazepine AnMBR 39 Australia [64]
CAS 92a US [65]
CAS 44a Finland [69]
BNR 193a Finland [69]
OD 32a Finland [69]
CAS <10 Spain [68]
MBR <10 Spain [68]
Lipid regulators
Gemﬁbrozil AnMBR 12 Australia [64]
CAS 51 US [65]
CAS <10 Spain [68]
MBR 33e42 Spain [68]
Bezaﬁbrate CAS 81 Spain [68]
MBR 88e90 Spain [68]
Insect Repellants
DEET AnMBR 20 Australia [64]
b-blockers
Atenolol CAS 63 Finland [69]
BNR 37 Finland [69]
OD 77 Finland [69]
CAS 61 Spain [68]
AMBR 70e77 Spain [68]
Sotalol CAS 54 Finland [69]
BNR 71 Finland [69]
OD 67 Finland [69]
CAS 21 Spain [68]
MBR 30e53 Spain [68]
Metoprolol CAS 34 Finland [69]
BNR 2 Finland [69]
OD 34 Finland [69]
CAS 25 Spain [68]
MBR 30e44 Spain [68]
Propranolol CAS 60 Spain [68]
MBR 66e78 Spain [68]
Antibiotics
Sulfamethoxazole AnMBR 100 Australia [64]
CAS 36a US [65]
BNR 36 China [67]
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Table 2 (continued )
PPCPs Treatment process Removal efﬁciency (%) Country Reference
CAS 74 Spain [68]
MBR 78e81 Spain [68]
Sulfathiazole CAS 49 US [65]
Sulfamethizole CAS 32 US [65]
Sulfapyridine BNR 23 China [67]
Oﬂoxacin CAS 124a US [65]
BNR 42 China [67]
CAS 83 Finland [69]
BNR 88 Finland [69]
OD 75 Finland [69]
CAS 76 Spain [68]
MBR 91e95 Spain [68]
Ciproﬂoxacin CAS 89 US [65]
CAS 86 Finland [69]
BNR 79 Finland [69]
OD 96 Finland [69]
Chloramphnicol BNR 85 China [67]
Trimethoprim AnMBR 98 Australia [64]
CAS 53a US [65]
CAS 40 Spain [68]
MBR 48e67 Spain [68]
CAS: conventional activated sludge; BNR: biological nutrient removal; OD: oxidation ditch; MBR: membrane bioreactor; AnMBR: anaerobic membrane bioreactor.
a A minus denoted that concentration of the PPCP in efﬂuent was greater than that in inﬂuent.
Q. Sui et al. / Emerging Contaminants 1 (2015) 14e24 21potentially a pathway for environmental contamination. Generally,
veterinary antibiotics cannot be completely absorbed or metabo-
lized in vivo. Approximately 50e100% of the antibiotics used are
excreted through urine and feces [79], stored in waste lagoons and
then released into the surrounding ecosystem, posing a potential
threat to groundwater. Awad et al. reported high detection fre-
quencies of tetracyclines and sulfonamides in surfacewater and soil
near a swine manure composting facility, with the maximum
concentration up to 250 mg/L inwater and 170 mg/kg in soil [80]. The
application of veterinary-drug-contaminated manure for fertiliza-
tion may also end up with the pollution of underlying groundwater
[31]. Yuan et al. reported that on-farm burial of livestock could
represent another potential source of veterinary drugs to soil and
groundwater. It was observed that maximum concentration of
monensin, a veterinary antimicrobial drug, was up to 12 mg/L in
leachate from cattle carcass burial sites [81].3.5. Sewer leakage
Leaky sewers are suggested as a potential source for contami-
nants in urban aquifers. The defected sewer pipelines may relate to
the long-time overuse without repair, as well as poor materials and
negligence during construction. As a result, a variety of substances,
PPCPs included, may enter the soil zone through exﬁltrating
sewage with great potential to impact groundwater. Keisuke et al.
observed that the concentrations of PPCPs were generally 1 to 2
orders of magnitude lower than those of sewage inﬂuents in 50
urban groundwater underling Tokyo where unintended ground-
water contamination could take place due to decrepit sewer net-
works, and in some samples the concentrations were quite
comparable [82]. It was suggested that some PPCPs with some
persistencemight serve as precautionary indicators of groundwater
pollution by leaking sewage [82] to estimate the leakage rate as
well as ﬁnd the related wastewater origin. Speciﬁc tracers were
tested in some relative studies including diclofenac, ibuprofen [34],
primidone, carbamazepine [82,83], X-ray contrast agents, artiﬁcial
sweeteners [18] and caffeine [44]. However, no tracers are univer-
sally applicable to all groundwater systems because the input and
the background concentrations are highly variable both spatially
and temporally [84].4. Fate of PPCPs in the underground environment
PPCPs have been measured underground including in soils,
sediments and groundwater. The primary processes involved
include adsorption, migration and degradation. For instance,
chemicals in soil surface may transfer downward to the lower layer,
and then into the saturated and unsaturated zones. Laws et al.
showed that although reduced by natural attenuation in soil,
pharmaceuticals might still reach the groundwater [85]. The fate of
PPCPs during the movement and change in the subsurface envi-
ronment is inﬂuenced mainly by the environmental factors and the
physicochemical properties of the chemicals.4.1. Adsorption and migration
Adsorption may inﬂuence the fate of PPCPs in underground
environments by affecting their movement, plant uptake, and
bioavailability [86]. Chemicals with strong sorption are usually less
mobile in soil and have limited leaching potential, yet those with
weak sorption aremore likely tomove downgradient and permeate
into the groundwater.
Generally, the adsorption of residual PPCPs in soil is related to
the physicochemical parameters of PPCPs such as the molecular
structure, water solubility and hydrophobicity. Yu et al. reported
that carbamazepine and gemﬁbrozil were poorly adsorbed to the
soils while triclosan exhibited good adsorption and was readily be
retained in soils [87]. These differences are most likely due to their
different chemical properties. Karnjanapiboonwong et al. also re-
ported strong tendency for triclosan to be sorbed onto both sandy
loam and silt loam soils, while caffeine was proven to be only
strongly sorbed onto sandy loam soil and thus would more
potentially cause groundwater contamination [88].
The features of soils, especially the content of dissolved organic
matter in the soils, impact the adsorption of PPCPs. A sorption study
of sulfadimethoxine, sulfaquinoxaline and sulfamethazine in four
Brazilian soils indicated that the sorption capacities of these sul-
fonamides were larger in clay soils than in the sandy soil, which
could be explained by the lipophilicity of the sulfonamides and
organic matter content of the soil [89]. Teijon et al. reported that
naproxen had low sorption afﬁnity for the sandy aquifer material
Q. Sui et al. / Emerging Contaminants 1 (2015) 14e2422with low organic matter, indicating that it was a highly mobile
compound in the aquifer media, and consistent with the fact that
naproxen was ubiquitously found in groundwater at the study site
[90].
In addition, the environmental conditions may also inﬂuence
the adsorption behaviors of PPCPs in the underground environ-
ment. Chen et al. examined the effects of solution chemistry like
ionic strength (IS) and pH on the retention and transport of two
antibiotics, sulfamethoxazole and ciproﬂoxacin, in saturated
porous media. The result showed that solution pH and IS played
an important role in controlling the transport of ciproﬂoxacin,
but showed little effect on the transport of sulfamethoxazole
under the experimental conditions tested [91]. Zhang and co-
workers found that low pH had a positive impact on the sorp-
tion of the veterinary pharmaceuticals sulfonamides because the
tested sulfonamides existed mostly as cations at low pH and had
an attraction to the negatively charged minerals surface through
the electrostatic interactions; while the electrostatic repulsion
between the negatively charged minerals and anionic sulfon-
amides at high pH would have a negative impact on the sorption
afﬁnity [92]. These ﬁndings may have important implications for
the fate of ionic PPCPs during changes in the underground
environment.
For PPCPs which undergo little or no adsorption to soils, their
migration in subsurface environments is mainly impacted by
geological settings, hydraulic conditions of the aquifers and the soil
properties. For instance, the high hydraulic conductivities and
groundwater velocities in the saturated and unsaturated zone of a
karstic area probably made the groundwater in this area more
vulnerable to pollution [93]. It was found that the groundwater
below alluvial deposits could be subjected to contamination by
PPCP residues from wastewater efﬂuents through artiﬁcial aquifer
recharge, mainly because of the high transmissivity of the shallow
alluvium [33,94]. A dynamic soil column leaching test showed that
mobility of sulfadiazine appeared to be stronger in sandy soils than
in clays and loamy soils, and soil texture was recognized as one of
the important factors affecting sulfadiazine's downward migration
[95].4.2. Degradation
It is widely accepted that more compounds are signiﬁcantly
degraded faster and easier under aerobic conditions than anaerobic
conditions which may relate to the different microbial activities of
aerobic and anaerobic microorganisms [96]. In groundwater, mi-
croorganisms are less numerous and diverse compared to those in
soils, and the redox conditions are generally poor [6]. As such,
PPCPs in groundwater may undergo incomplete degradation,
potentially changing into hazardous metabolites, or even remain
unchanged in groundwater for long periods. Redox controls were
commonly observed in studies regarding PPCPs in groundwater.
Burke et al. evaluated the redox-dependent removal of 27
wastewater-derived trace compounds by tank aeration experi-
ments and found six compounds, including doxycycline, phena-
zone and propyphenazone, etc., were efﬁciently removed under
oxic conditions and could persist under anoxic conditions, while
three antibiotics (roxithromycin, clarithromycin and clindamycin)
were only removed under anoxic conditions [97]. They also inves-
tigated the fate of several PPCPs in the hyporheic zone at two
different temperatures simulating winter and summer conditions.
The results showed that a change in temperature resulted in a
distinct difference of redox conditions and the attenuation of the
tested PPCPs metoprolol, iopromide and diclofenac was more efﬁ-
cient in summer [98].The diverse physical and chemical properties of different
PPCPs may also result in different biodegradability. Although
caffeine and paracetamol were more frequently used, they un-
derwent more degradation during wastewater treatment and
transport in the subsurface; as such they were generally detected
less frequently, compared to other PPCPs such as carbamazepine
and sulfamethoxazole, which were more resistant to degradation
[43,99]. Zhang et al. analyzed degradation of six sulfonamides in
sandy soils and found that different stabilities and antibacterial
activities of the sulfonamides might lead to the differences in
degradation [100]. The environmental conditions exhibit different
inﬂuences on the degradation of PPCPs with different properties.
Loftin et al. reported that degradation rates of chlortetracycline,
tetracycline and tetracycline were signiﬁcantly different at
different pH and temperatures, while those of lincomycin and
sulfonamides, such as sulfachlorpyridazine, sulfadimethoxine and
sulfathiazole were less susceptible to changes in pH and tem-
perature, indicating that pH-related reactions such as hydrolysis
were not likely to be the removal mechanisms in ground water
[101].
5. Future perspectives
(1) Although various PPCPs have been detected in groundwater
over the past few years, further improvements to analytical
methods are needed to detect more compounds. Special
attention should be given to the transformation products of
PPCPs commonly found in the groundwater.
(2) As it is difﬁcult to remove PPCPs in groundwater once
contaminated, it is necessary to identify the source of PPCPs
in groundwater and control the release from the source.
Some PPCPs were proposed to be indicators for emission
sources, however, further methodology optimization and
validation are still needed.
(3) Regulation of PPCPs in groundwater is necessary especially
where groundwater is a source water for drinking water. To
establish guideline values for PPCPs in groundwater, better
understanding of their occurrence, distribution, behavior,
potential toxicity and risks needs further study before
deciding on these values.
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